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Abstract 
 The spectroscopic analysis of cellulose is experimentally challenging 
while computationally accessible with recent developments in NMR code. However, 
prior to using density functional theory to calculate the NMR chemical shifts of cellulose, 
smaller, sugar-like molecule systems need to be benchmarked against experimental 
values. The quantum mechanical / molecular mechanical (QM/MM) calculations 
presented herein utilize six test systems: ethanol, pyridine, pyrrolidine, pyrrole, myo-
inositol and scyllo-inositol in conjunction with the reference tetramethylsilane used to 
scale the calculated isotropic shielding tensors to relative chemical shifts. The effect of 
solvent on calculated NMR chemical shifts has also been investigated with regard to 
quantity of solvent surrounding the molecule of interest.  Lastly, a mixed basis approach 
with two quantum regions has additionally been employed to investigate the effects of the 
number of basis functions on the relative cost of QM/MM NMR calculations.  
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Chapter 1: NMR Chemical Shift Calculation Protocols 
1.1 Introduction 
 With the prevelant knowledge that fossil fuels are finite and predicted by some to 
be completely depleted in coming years,1 there has been a large push by different 
agencies and labs to find alternative sources of eco-friendly fuels. An attractive souce of 
fuel is readily abundant and contained within plants: cellulose.2,3 The caveat to this 
practice is the difficulty associated with the breaking down of the cellulose polymer.4 
Nature has perfected the use of cellulose as a fuel source within certain bacteria over the 
course of billions of years of evolution,5 but within an industrial setting this is a nontrivial 
endeavor.  
Over the last few decades the National Renewable Energy Laboratory (NREL) 
has been working on the use of cellulose as a biofuel.6  Some of the associated difficulty 
with studying cellulose as an energy source is the spectroscopic quantification of the 
polymer. Much of the difficulty lies within the fact that cellulose is readily insoluble in 
polar solvents.7 Computationally, this is an ideal system to study as much of the 
experimental difficulty can be negated.  
The Ochsenfeld group has developed and published a linear scaling method for 
calculating shielding tensors for various systems ranging from small molecules to 
peptides.8 This QM/MM NMR (quantum mechanical / molecular mechanical nuclear 
magnetic resonance) method was shown to be able to calculate system sizes on the order 
of 1300 atoms and had isotropic shielding values converge when enough quantum solvent 
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atoms were included in the quantum region.8 A benchmark analysis was also performed 
with this method utilizing a small organic molecule set where calculated isotropic shifts 
were compared to coupled cluster calculations.9 The associated problem with comparing 
theorical values to theoretical values is that error anlysis cannot be performed. The basis 
of the current body of work was to perform a DFT (denisty functional thoery) QM/MM 
NMR benchmark analysis of a set of organic molecules while comparing to experimental 
values. Following the progression of Figure 1, once a set of parameters has been 
determined to most accurately reproduce experimetal chemical shifts for simple, rigid 
systems, these paramters will then be applied to more complex systems that require 
population analysis such as glucose and eventually cellulose.  
 
 
Figure 1. Model System Approach 
1.2 System Choice and Set Up 
The criteria of choosing the test set of molecules hinged on the availability of 
accurate experital proton and carbon NMR shifts within dueterium oxide (D2O).10, 11, 
12 To avoid the necesity of scaling the calculated chemical shifts of molecules, fairly 
rigid species with few degrees of freedom were chosen (Figure 2). The reference 
compound tetramethylsilane (TMS) was utilized in the calculations to scale the 
calculated isotropic shielding tensors to relative chemical shifts.13 
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Figure 2. Six Systems of Interest and TMS Reference Compound. Note, scyllo-inositol 
and myo-inositol only had experimental values found for proton shifts in D2O and were 
not included in the carbon chemical shift analysis.  
 
 Utilizing the program CHARMM,14 each test set molecule was solvated in a 15 A 
sphere of explicit TIP3. The test molecule was constrained, and a classical steepest 
descent minimization was performed with 5000 stesps on the solvent. The QM/MM 
minimization was performed in conjunction between the quantum program QChem15 and 
molecular dynamics program CHARMM. Using the omegaB97X-D/aug-cc-pvdz level of 
theory, the test molecules were optimized to a threshold of 0.005 kcal.  
 
1.3 Increasing Solvent Shell Approach - QM/MM NMR 
The test set QM/MM geometry optimized structures are partitioned into sub sets 
according to figure 3. The initial structure or shell as they will further be referenced, 
had a quantum region defined as 2 angstroms in diamter from the center of the test 
molecule. The shells increased in diamter in increments of 2 angstroms until the last 
shell of 14 angstroms. All other atoms not included in the quantum region are treated 
molecular mechanically (MM) and are calculated as point charges.  
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Figure 3. QM/MM Solvent Shell Approach Set Up. 
 
 Both proton and carbon nmr chemical shifts were calculated with the following 
DFT functionals: B3LYP, PBE, PBE0, BP86, B97-2, omegaB97X-D and basis sets:       
6-31G*, 6-311G**, PCS1 and cc-PVDZ. Hartree Fock calculations were also performed 
with the stated basis sets. The following figures present the averaged proton and carbon 
NMR chemical shift RMSE values by quantum region size.  
 
Figure 4. Proton and Carbon NMR with 6-31G* paired with the defined functionals by 
quantum region size.  
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Figure 5. Proton and Carbon NMR with 6-311G** paired with the defined functionals by 
quantum region size.  
 
Figure 6. Proton and Carbon NMR with cc-PVDZ paired with the defined functionals by 
quantum region size.  
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Figure 7. Proton and Carbon NMR with PCS-1 paired with the defined functionals by 
quantum region size.  
 
Figure 8. Proton and Carbon NMR with functional B3LYP paired with the defined basis 
sets and presented by quantum region size.  
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Figure 9. Proton and Carbon NMR with functional B97-2 paired with the defined basis 
sets and presented by quantum region size.  
 
Figure 10. Proton and Carbon NMR with functional BP86 paired with the defined basis 
sets and presented by quantum region size. 
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Figure 11. Proton and Carbon NMR with HF paired with the defined basis sets and 
presented by quantum region size.  
 
Figure 12. Proton and Carbon NMR with functional PBE paired with the defined basis 
sets and presented by quantum region size.  
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Figure 13. Proton and Carbon NMR with functional PBE0 paired with the defined basis 
sets and presented by quantum region size.  
 
Figure 14. Proton and Carbon NMR with functional wB97X-D paired with the defined 
basis sets and presented by quantum region size.  
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 All RMSE by quamtum region data from figures 4 through 14 was combined and 
presented the the follwing Table 1 and Table 2. The computational cost was tabulated for 
each calculation and presented in Table 3. Note, adequate resources not alloted to cc-
PVDZ jobs for shells 8C through 14C. 
Table 1. QM/MM Shell Proton Data with RMSE Values Compared to Increasing Shell 
and Functional/Basis Set.  
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Table 2. QM/MM Shell Carbon Data with RMSE Values Compared to Increasing Shell 
and Functional/Basis Set.   
 
Table 3. QM/MM Shell Computational Cost Analysis by Diameter of Solvent.  
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Figure 15. Proton NMR RMSE by computational cost scatter plot analysis of 12 
angstrom and 14 angstrom shells.  
Table 4. Lowest RMSE by Lowest Cost Proton NMR for 12 angstrom and 14 angstrom 
Shells.  
 
 
 
 
Figure 16. Carbon NMR RMSE by computational cost scatter plot analysis of 12 
angstrom and 14 angstrom shells. 
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Table 5. RMSE by Lowest Cost Carbon NMR for 12 angstrom and 14 angstrom Shells. 
 
 
As can be seen from scatter plot analysis in figures 15 and 16 and tables 4 and 5, 
the optimal choice for which functional and basis set to choose require different 
combinations, which implies that depending on what the desired accuracy threshold 
multiple calulations will need to be ran for Proton and Carbon NMR. Proton NMR shift 
calculatoins are less susceptible to funcational and basis set decision than carbon NMR 
shift calculatoins. If desiring RMSE at or near 2 for carbon NMR, the functional PBE 
paired with either PCS-1 or 6-311G** basis set. 
1.4 Mixed Basis Approach - QM/QM/MM NMR 
 The mixed basis approach has been investigated in the hopes of reducing 
computational cost of getting the NMR scf code to converge. From the fact that DFT 
scales to N3 for the number of basis functions employed, using smaller basis sets with 
fewer basis functions will hopefully increase the rate at which chemical shift can be 
calculated without reducing the accuracy of said calculations.16 This approach employs 
two quantum regions where the fist quatum region will be designated as the “large” basis 
set region or “QM1” that uses 6-311G** or 6-31G*. The second quamtum region will be 
defined by a “small” basis set being denoted as “QM2” is composed of 3-21g or sto-3g 
14 
 
(Figure 18). The QM2 region is set to be a constant sphere with 10 angstroms of solvent 
encompased by a larger sphere, “MM”, that is set to be have a constant 2 angstrom 
diameter. Entire volume of all three regions is encompassed by a diameter of 14 
angstroms. The QM1 regions starts at a diameter of 2 A and increases in incremets of 2 A 
till the last calculation is with 10 A diamter for QM1, which is the entire quantum region. 
This last calculation is no longer mixed basis and is simply QM/MM with one basis set 
used.  
 
Figure 17. QM/QM/MM Approach Setup. The MM region has a 2 angstrom diamter. As 
the calculations progress both QM1 and QM2 diameters vary. QM2 region has a diamter 
of 8 to 2 angstroms and the QM1 region from 2 to 10 angstroms.   
 
Some preliminary work has been previsouly done by the Baren group17 with 
respect to using a mixed basis approach with pople basis sets. However, the calculations 
are benchmarked against an entire QM calculation with the largest basis set employed: 6-
311G**. Notably, the work introduces error analysis with respect to carbon and nitrogen 
NMR chemical shift calculations for a quinonoid compound.17 Far from extensive error 
analysis, this body of work lead to the current work being presented.   
15 
 
 
Figure 18. Proton and Carbon NMR with mixed basis QM1: 6-31G* and QM2: STO-3G 
paired with the defined functionals and presented by quantum region size.  
 
 
Figure 19. Proton and Carbon NMR with mixed basis QM1: 6-31G* and QM2: 3-21G 
paired with the defined functionals and presented by quantum region size.  
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Figure 20. Proton and Carbon NMR with mixed basis QM1: 6-311G** and QM2: 3-21G 
paired with the defined functionals and presented by quantum region size.  
 
 
Figure 21. Proton NMR RMSE by computational cost scatter plot analysis of QM1 at 2 
angstrom and QM2 at 8 angstrom shells.  
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Table 6. Proton RMSE by Computational Cost for QM2 at 2 Angstroms and QM1 at 8 
Angstroms.  
 
 
 
 
 
Figure 22. Carbon NMR RMSE by computational cost scatter plot analysis of QM1 at 2 
angstrom and QM2 at 8 angstrom shells. 
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Table 7. Carbon RMSE by Computational Cost for QM2 at 2 Angstroms and QM1 at 8 
Angstroms.  
 
 
 
 
 
Figure 23. Proton NMR RMSE by computational cost scatter plot analysis of QM1 at 4 
angstrom and QM2 at 6 angstrom shells.  
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Table 8. Proton RMSE by Computational Cost for QM2 at 4 Angstroms and QM1 at 6 
Angstroms.  
 
 
 
 
Figure 24. Carbon NMR RMSE by computational cost scatter plot analysis of QM1 at 4 
angstrom and QM2 at 6 angstrom shells. 
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Table 9. Carbon RMSE by Computational Cost for QM2 at 4 Angstroms and QM1 at 6 
Angstroms.  
 
 
 
 
 
Figure 25. Proton NMR RMSE by computational cost scatter plot analysis of QM1 at 6 
angstrom and QM2 at 4 angstrom shells. 
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Table 10. Proton RMSE by Computational Cost for QM2 at 6 Angstroms and QM1 at 4 
Angstroms.  
 
 
 
 
Figure 26. Carbon NMR RMSE by computational cost scatter plot analysis of QM1 at 6 
angstrom and QM2 at 4 angstrom shells. 
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Table 11. Carbon RMSE by Computational Cost for QM2 at 6 Angstroms and QM1 at 4 
Angstroms.  
 
Table 12. QM/QM/MM Mixed Basis Computational Cost Analysis 
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 As can be seen when comparing tables 3 and 6, the computational cost of 
completing the NMR chemical shift calculations was readily reduced for most 
calculations by using a mixed basis approach. Keeping in mind that DFT calculations 
scale at N3 for number of basis fucntions, larger systems where the number of quantum 
atoms has exceeded the range of 150-234 atom presented here will be exponentially more 
expensive.  
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